The in vitro activity of the ribonucleoprotein-dependent RNA transcriptase of vesicular stomatitis virions was found to be completely inhibited by low concentrations of aurintricarboxylic acid (ATA) and polyethylene sulfonic acid (PES) when these inhibitors were added before the start of the RNA polymerase reaction. However, if RNA synthesis was allowed to occur before ATA or PES was added, RNA synthesis continued for a short time (10 min or less) in the presence of either inhibitor at a concentration which completely inhibited uninitiated enzyme. The ability to continue to synthesize RNA in the presence of ATA or PES only developed if all four nucleoside triphosphates were present during the preincubation period prior to the addition of the inhibitors. The protection was apparently not due to the released products of RNA polymerization. The results are interpreted as indicating that ATA and PES probably inhibit some reaction other than elongation of RNA chains, and that this reaction might be one involved at or near initiation sites.
The in vitro activity of the ribonucleoprotein-dependent RNA transcriptase of vesicular stomatitis virions was found to be completely inhibited by low concentrations of aurintricarboxylic acid (ATA) and polyethylene sulfonic acid (PES) when these inhibitors were added before the start of the RNA polymerase reaction. However, if RNA synthesis was allowed to occur before ATA or PES was added, RNA synthesis continued for a short time (10 min or less) in the presence of either inhibitor at a concentration which completely inhibited uninitiated enzyme. The ability to continue to synthesize RNA in the presence of ATA or PES only developed if all four nucleoside triphosphates were present during the preincubation period prior to the addition of the inhibitors. The protection was apparently not due to the released products of RNA polymerization. The results are interpreted as indicating that ATA and PES probably inhibit some reaction other than elongation of RNA chains, and that this reaction might be one involved at or near initiation sites.
Vesicular stomatitis virus (VSV) is a singlestranded RNA virus belonging to the rhabdovirus group. The virion contains an RNAdependent RNA polymerase (1) which, when assayed in vitro, synthesizes only RNA complementary to the virion RNA (1, 2, 5) . mRNA transcribed in vivo is also complementary to virion RNA (13, 19) . Both the product of the in vitro virion RNA polymerase reaction and mRNA isolated from VSV-infected cells can be translated in vitro, yielding viral-specific polypeptides (7, 8, 16) . Thus, it appears that one function of the virion RNA polymerase is synthesis of mRNA. Emerson and Wagner (10) have shown that virions can be separated into two fractions by treatment with Triton X-100 and high salt followed by ultracentrifugation. The pellet fraction contains RNA complexed with N protein and the supernatant fraction contains proteins G, M, L, and NS (10) (11) (12) 23 ). It appears that the nucleocapsid N-protein-RNA complex functions as a template and the L and NS proteins are both essential for transcription but that G and M proteins are not required (11, 12, 21) . The transcriptase requires VSV ribonucleoprotein, or ribonucleoprotein from a closely related virus, as a template and will not function with deproteinized viral RNA (3, 10) .
A useful tool for the in vitro study of this comple,x system would be the availability of inhibitors which selectively affect initiation of RNA synthesis or chain elongation. In this preliminary study we report that aurintricarboxylic acid, ammonium salt (ATA), and polyethylene sulfonate, sodium salt (PES), both of which selectively inhibit initiation of RNA synthesis by other RNA polymerases (6, 9, 17) Purifi'cation of virions. Virions were purified by differential and rate zonal centrifugation as previously described (10) , except that the sucrose gradients contained 1 M NaCl and 1 mM EDTA. The virus obtained by this procedure was further purified by equilibrium centrifugation for 16 h at 35,000 x g on 0 to 40% (wt/wt) potassium tartrate-0 to 20% (vol/vol) glycerol gradients which contained 10 Transcriptase assays. Transcriptive activity of virions was assayed as previously described (11, 15) . One volume of virus suspension was treated with 1 volume of 2x Triton-high salt solubilizer (18.7% glycerol, 3.74% Triton X-100, 1 In all instances where preincubations were carried out, assay mix was preincubated under the desired conditions and then placed in ice (the reaction, if any, ceases almost immediately). Any further additions were then made, and 0.1-ml samples were pipetted into test tubes (in an ice-water bath). The tubes were then capped and placed at 31 C.
All time points were assayed in duplicate. The reaction was terminated by placing the tubes in ice and adding 0.6 ml of 6.7 x 10-2 M sodium pyrophosphate and 0.1 ml of a solution of yeast RNA (2 mg of RNA/ml). The amount of tritium incorporated into trichloroacetic acid-insoluble material was determined as previously described (10 Effect of preincubation of the complete assay mix before addition of each inhibitor. If a compound inhibits initiation of RNA synthesis but has no effect on RNA chain elongation, then chains initiated before addition of the inhibitor should continue to be elongated after the inhibitor is added. Since no further initiation should occur after the addition of the inhibitor, RNA synthesis would cease after all preinitiated chains had been completed.
To determine whether the inhibitors act on initiation or elongation of RNA chains the complete polymerase assay mix was preincubated for various times at 31 C to allow initiation to occur. The tubes were then placed on ice to halt the reaction; ATA, or PES, or buffer was then added and the subsequent time course of
[8H ]UTP incorporation at 31 C into acid-insoluble material was followed. The zero time point for this, and for all other experiments in which preincubations were carried out, is taken to be the start of the second incubation at 31 C. The results ( Fig. 2) was almost sufficient to develop maximal ability for continuation of RNA synthesis in a subsequent incubation of template and enzyme in the presence of ATA or PES. It was noticeable that preincubation of complete assay mix resulted in a marked decrease in the lag phase observed in the control samples (Fig. 2) , to which buffer rather than inhibitor was added at the end of the preincubation period (zero time); a 15-min preincubation period appears to be sufficient to overcome this lag.
Preincubation of complete assay mix at 0 C for 15 min, followed by addition of ATA or PES, resulted in complete inhibition of the polymerase reaction (data not shown). In subsequent experiments a 15-min preincubation period at 31 C was used.
Greater concentrations of each inhibitor were also tested for their effect on RNA synthesis by VS virions preincubated at 31 C in a complete reaction mix for 15 15 min at 31 C in the presence or absence of nucleoside triphosphates on subsequent nucleotide incorporation at 31 C in the presence of all four nucleoside triphosphates. Complete polymerase assay mix or polymerase assay mix minus all four nucleoside triphosphates was preincubated for 15 min at 31 C. The assay mixes were then put on ice and any missing nucleosides were added. VOL. 16, 1975 on June 24, 2017 by guest http://jvi.asm.org/ Downloaded from result in any inactivation of the enzyme. Figure  3 shows that the final rate of incorporation is the same. However, absence of all four nucleoside triphosphates during preincubation results in a greater lag phase during the second 31 C incubation than is observed with enzyme preincubated in the presence of all four nucleoside triphosphates. Preincubation in the presence of any combination of three nucleoside triphospbates, followed by addition of the missing nucleoside triphosphate at the end of the preincubation period, resulted in kinetics of
[8H ]UMP incorporation in the second incubation at 31 C identical to those shown in (B) of Fig. 3 . That is, the lag was not reduced, and the enzyme was not inactivated, by preincubation with any combination of three nucleoside triphosphates.
The results shown in bation due to the presence of end products of the RNA polymerase reaction? A possible explanation of the above results is that during RNA synthesis, prior to addition of inhibitor, products are released (e.g., pyrophosphate, RNA) and the presence of these products protects the enzyme and allows RNA synthesis to continue for a short time after the addition of ATA or PES.
To test the hypothesis that preincubation reaction products counteract the effect of ATA and PES on RNA synthesis, complete assay mix was incubated at 31 C for 15 min, initiated enzyme and template were removed by ultracentrifugation (150,000 x g for 150 min), and then the supernatant from this centrifugation was added to a complete assay mix. If the released end products of RNA polymerization protect the transcriptase from ATA or PES, then complete assay mix plus preincubated supernatant should be able to synthesize RNA in the presence of ATA or PES without any incubation at 31 C prior to addition of the inhibitor.
The data in Table 2 show that there was no significant incorporation when supernatant from either an unincubated or an incubated mix was added to complete assay mix and ATA or PES was added immediately. Thus, it appears that the end products present in the supernatant from the incubated mix did not result in any significant protection of the enzyme from the effects of ATA and PES. If complete assay mix plus either unincubated or incubated supernatant was preincubated at 31 C prior to the addition of ATA or PES, then significant incorporation in the presence of the inhibitor was observed. Therefore, the soluble end products in the incubated supernatant did not prevent to any great extent the ability of the viral RNA polymerase to synthesize RNA in the presence of ATA or PES.
Effect of increasing the concentration of UTP in the assay mix. The concentration of UTP used in the complete assay mix in the experiments described above (9.5 x 10-M) is somewhat less than the apparent Km for UTP in this assay (apparent Km = 19 x 10-6 M; unpublished observations). Experiments were therefore carried out under conditions in which UTP was not limiting (66.5 x 10-1 M UTP) to ascertain whether the ability to synthesize RNA in the presence of PES or ATA is influenced by the concentration of UTP.
The results (Table 3) show that, in a 30-min incubation at 31 C in the absence of inhibitors, the amount of UMP incorporation was -three times greater in the presence of 66.5 x 10-6 M 150 ,000 x g for 150 min, and the supernatant fractions were collected. The supernatant from the incubated mix (incubated SN) contained 3,575 trichloroacetic acid-insoluble counts/min per 0.1 ml. A third complete assay mix was prepared from the same preparation of virus. 0.5-ml samples of this were diluted with 0.5 ml of incubated SN or unincubated SN. The 1.0-ml mixes were then either preincubated at 31 C for 15 min and then put on ice or not preincubated. Tris a One set of 1-ml samples of complete assay mix containing either 9.5 x 10-6 M UTP or 66.5 x 10-6 M UTP was preincubated at 31 C for 15 min and then placed on ice. Buffer or 25 MM ATA or 10 Mg of PES/ml was then added, and subsequent incorporation at 31 C was monitored ("preincubated assay mix"). Another set of 1-ml samples of complete assay mix was not preincubated at 31 C but was kept on ice.
Buffer, or 25 MM ATA, or 10 Mg of PES/ml was added to these, and incorporation at 31 C was monitored ("unincubated assay mix"). Viral protein concentration = 38 Mg/ml of complete assay mix.
'Incorporation per 0.1-ml sample at 31 C in first 30 min after addition of inhibitor or buffer.
incorporation irrespective of the UTP concentration. Addition of ATA or PES to preincubated complete assay mixes, followed by incubation at 31 C, resulted in incorporation at 31 C in the presence of the inhibitor. The amount of this incorporation was approximately the same whether the UTP concentration was 9.5 x 10' or 66.5 x 106 M.
DISCUSSION
We have shown that in vitro transcription by the VS virion RNA polymerase is inhibited by low concentrations of ATA and PES, or, conceivably, by some impurity present in our preparations of these compounds (6) The data from the experiments in which two concentrations of UTP were used are not inconsistent with the hypothesis that ATA and PES preferentially inhibit some reaction involved in initiation rather than elongation. It was observed that, in the absence of inhibitors, enzyme exposed to 66.5 x 10' M UTP madethree times more RNA than that exposed to 9.5 x 10-6 M UTP. This could be due to the rate of chain elongation being dependent on UTP concentration under these circumstances. However, in the presence of inhibitors, preincubated polymerase made approximately the same amount of RNA irrespective of UTP concentration. A possible explanation is that the number of initiated chains in the reaction mix is not greatly affected by the UTP concentration and so the amount of elongation after addition of ATA or PES is approximately equivalent at both UTP concentrations.
Thus, it appears that for the transcriptase to be able to make RNA in the presence of ATA or PES, prior initiation of RNA synthesis is necessary. The data are consistent with elongation of preinitiated chains and failure to initiate new chains in the presence of ATA or PES. Unfortunately, the amount of RNA synthesis after addition of inhibitor is so low, and the apparent Km for ATP so high (4) , that the use of y-82P-labeled purine triphosphates to detect whether or not initiation was inhibited was not feasible. Furthermore, the probability that the 5'-terminal of the RNA is methylated and blocked (20) complicates any such analysis. If ATA or PES inhibit the enzyme prior to binding to the template and/or the binding of the first nucleoside triphosphate, then preincubation with at least one of the combinations of three nucleoside triphosphates would be expected to result in some protection. However, none was observed. This could imply that at least some polymerization is necessary before the polymerase develops any degree of resistance to the inhibitors. This observation with the VSV polymerase thus differs from that of Kondo and Weissmann (17) and Blumenthal and Landers (6) who examined the effects of PES and ATA., respectively, on Q,B RNA replicase and found that preincubation with an initiating nucleoside triphosphate was sufficient for an appreciable amount of protection against the effects of ATA or PES to be developed. An alternative explanation of our results could be that, when preincubations of the VSV transcriptase are carried out in complete assay mix, there is more than one polymerase per transcription unit at the time at which inhibitor is added. If one nucleoside triphosphate is missing, however, there can be only one polymerase per transcription unit as it cannot progress past the initiation site and thus leave the site available for further enzyme molecules to initiate. Thus, if the number of initiated chains is reduced by, for instance, a factor of 10, our experiments would not be sensitive enough to detect RNA synthesis in the presence of inhibitor.
From these preliminary studies it appears that ATA and PES, or some component(s) present in our preparations of these compounds, inhibit RNA synthesis to a far greater extent when added prior to the start of the reaction than they do when added during the course of the reaction. A possible explanation of our results is that the inhibitory effect of these compounds is due to their acting at, or near to, an initiation site. However, we cannot completely exclude an effect on chain elongation and/or chain termination.
At the moment we cannot propose a mechanism for the action of ATA or PES. ATA affects a variety of reactions other than RNA synthesis (2, 14) and binds to a large number of proteins (14) . Such a large, charged molecule as polyethylene sulfonate is also likely to have a variety of effects rather than a specific action. Nor can we exclude at this time the possibility of indirect effects on VSV RNA polymerization by ATA and PES or an impurity in these compounds.
